The photovoltage ͑PV͒ response of single quantum well p-i-n structures under open circuit conditions has been studied experimentally and numerically. The numerical calculations show a monotonic increase in the PV response with decreasing well width, implying that the ensuing increase in carrier generation rate and band gap governs the PV response. The well layer has been shown to dominate the recombination of excess carriers generated throughout the structure, and their lifetime at the well has been found to be a critical structure parameter. Using a simple semi-empirical model, the effective carrier lifetimes at the well layer/interfaces for the different samples were estimated. The results demonstrate the benefits of using surface photovoltage spectroscopy for characterization and quality control of quantum well structures.
I. INTRODUCTION
Quantum size effects in low dimensional systems have been the subject of extensive experimental and theoretical work for both fundamental studies and device applications in the past 3 decades. 1 The quantum confinement of charge carriers affects the optical ͑e.g., the effective band gap E A and absorption coefficient ␣ W ͒ as well as the electronic properties ͑e.g., the quantum confined Stark effect, quantum transport͒ of such low dimensional systems. Since their optical and electronic properties govern their photovoltaic behavior, the latter is strongly affected by the presence of a quantum well ͑QW͒ in the structure. For example, the excitonic absorption peaks of QW structures appear in their photovoltage ͑PV͒ spectrum. [2] [3] [4] [5] [6] [7] [8] The magnitude of the PV is determined by the electron and hole spatial distribution throughout the entire structure. Thus, the presence of QW layers can affect the PV value through several different mechanisms. ͑1͒ a shift in E A , which may affect the PV in a similar fashion to the effect of the semiconductor band gap on a solar cell open circuit voltage V OC , 9 ͑2͒ an increase in oscillator strength f W which determines the magnitude of ␣ W and thus the generation rate in the well, 1 ͑3͒ a decrease in QW carrier lifetime W due to a larger overlap between the electron and hole wave functions and a reduced exciton Bohr radius, 10 and ͑4͒ the width of the QW layer w which affects the excess carrier concentration because it controls the well generation/recombination (G/R) volume. Measurements of the V OC in quantum well solar cells ͑QWSCs͒ show that it increases with decreasing well width. 11 The dependence of V OC on well width is of great importance for QWSCs, since an increased efficiency may be obtained depending on the interplay between the decrease in short circuit current and increase in V OC with decreasing well width. For this reason, the V OC of QWSCs has been a subject of increased interest in the last few years. [11] [12] [13] [14] However, the PV behavior of QW based structures is not yet well understood.
A simple method to study the open circuit PV spectrum is the surface photovoltage spectroscopy ͑SPS͒ technique. 8, 15 In this method the contact potential difference ͑CPD͒ between the sample and a reference electrode is measured in a capacitive manner by means of the Kelvin probe technique. 16 This technique has been used extensively for characterization of semiconductor surfaces and interfaces. [17] [18] [19] [20] QW structures and devices have also been studied by the SPS technique. 7, 8, 21 Using this technique the PV response is measured under open circuit conditions, in a nondestructive contactless manner, making it possible to monitor the structure open circuit behavior without successive process stages of device formation.
In this work the PV behavior of single QW p-i-n structures has been studied systematically by the analysis of surface photovoltage ͑SPV͒ spectra obtained by SPS and described in Sec. III. In Sec. IV, numerical simulations of the PV response of such structures are presented and it is shown that the PV should increase monotonically with decreasing well width. Based on the numerical simulations the SPV spectra of the studied structures are analyzed in Sec. V and the effective well layer/interface carrier lifetimes are estimated. The conclusions are summarized in Sec. VI.
II. EXPERIMENT
The single QW p-i-n diode structures were grown by MOVPE on a heavily doped GaAs͑001͒ n ϩ substrate. 
III. RESULTS
The SPV spectra of samples with three different well widths, w 5, 8.4, and 14 nm-thick are shown in Fig. 1 . The large probe size ͑2.5 mm in diameter͒ and the repeatability of these spectra over different areas on the sample indicate that these spectra manifest the averaged PV behavior for the measured samples.
The overall negative PV response is due to the reduction of the built-in voltage at the junction under illumination. In the dark the energy bands at the space charge region ͑SCR͒ line up from the bottom n region through the i region towards the top p-type cladding as in the usual case of the p-i-n junction. Under super-band-gap illumination, the photogenerated electron-hole pairs are separated due to the built-in electric field, reducing the built-in voltage of the SCR. This results in a decrease in the CPD and a negative PV response.
Two main regions are observed in the spectrum. The low energy region ͑below ϳ1.8 eV͒ is governed by absorption in the GaAs QW; the spectrum in this region resembles the spectrum of absorption at QW structures, where the spectral minima lie at the exciton transition energies. 7, 8 The second region of the spectrum appears as a second drastic decrease in the PV at ϳ1.8 eV. This decrease is due to absorption in the Al 0.34 Ga 0.66 As layers of the structure. Since this region of the spectrum is governed by absorption at the bulk layers of the structure, no fine features are observed. The feature at 1.7 eV is an experimental artifact due to the change of optical filters.
Comparing the magnitude of the PV response for the three different samples shows that the response changes between the samples. The differences in the PV response of the three samples are constant for the entire spectral range ͑ex-cept for the energies of the excitonic peaks͒. The 5-and 8.4-nm-thick well samples have the largest and smallest responses, respectively. This is not consistent with V OC values measured for similar structures, which show an increase of the V OC with decreasing well width. 23 The possible reasons for this inconsistency are discussed in Sec. V.
IV. NUMERICAL ANALYSIS
In this section, the quantum PV effect is calculated numerically. First, the effect of the various well parameters such as E A , W , f W , and the G/R volume on the PV is analyzed. Using these results and previously reported studies of the dependence of these parameters on w, a simple model for the dependence of the PV on the well width w is presented.
Our calculations are based on a numerical simulation, which self-consistently solves the Poisson and the continuity equations for electrons and holes. 24 A typical structure used in the simulations consists of a 5-nm-thick well in the middle of a 360-nm-thick intrinsic region of a p-i-n structure. The p and n cladding layers consist of 360-nm-thick layers with p/nϭ5ϫ10 17 cm Ϫ3 at the front/back of the structure; the light excites the sample through the front p-type layer. The parameters of the quantum well and barrier layers were based on literature reported parameters for bulk GaAs and Al x Ga 1Ϫx As (xϭ0.34), respectively. 25 A nonradiative Shockley-Read-Hall recombination was assumed to dominate the recombination 26, 27 with an effective lifetime of 1 ns at the Al 0.34 Ga 0.66 As layers. 28 Since all the layers are nondegenerate both in the dark and under illumination, the Boltzmann distribution function was used. Thermionic escape/ capture of carriers from/in the well layer has been taken into account, while tunneling effects were neglected. 29 A back ohmic contact and a front free surface boundary condition were assumed at the device boundaries. The changes in the potential at the front surface, being equal to the PV response, were recorded. This voltage is equal in magnitude and opposite in sign to the CPD changes ͑referred to as SPV when caused by illumination͒ measured in the experiment.
The simulation yields SPV spectra, which are similar to the experimental results as can be seen in Fig. 2͑a͒ showing calculated PV spectra for different E A between 1.4 and 1.6 eV. The overall signal is negative in agreement with the experimental results. A typical spectrum consists of two steps at two different energies. The low energy step is due to absorption in the well layer and its edge is determined by E A . Absorption at the AlGaAs layers causes the second observed step. The QW layer affects the PV spectrum through several different parameters. The role of each of these parameters was evaluated by performing simulations, in which all the parameters remained constant except the one under study.
In general, the PV spectrum can be characterized by two PV values at the low and high energy steps. Therefore, the effects of the different parameters were studied by monitoring the PV at two photon energies, below and above the AlGaAs absorption edge. The results which are described in the following paragraphs, were compared to an analytical model described in the Appendix I. Figure 2͑b͒ shows the calculated PV at photon energies of 1.8 eV ͑square͒ and 2.1 eV ͑circle͒ as a function of E A . A linear dependence of the PV on E A is observed at both photon energies. A linear fit shows that
A. The well band gap, E A
in mks units where e is the electron charge. Comparing Eqs.
͑1͒ and ͑A6͒ show that the dependence of the PV response on the effective band gap is smaller than expected from the simple analytical model. Figure 3 shows the dependence of the PV on f W for two photon energies of 1.85 eV ͑square͒ and 2.1 eV ͑circle͒. These results indicate that when the absorption occurs only in the well layer, the PV depends logarithmically on f W as SPVϭϪ 1.9k B T e
B. The well generation rate, f W
where k B is the Boltzmann constant, T is the temperature, and f W0 is a constant which depends on material parameters. Hence, it is assumed that the logarithmic term in Eq. ͑A8͒ governs the dependence of PV on f W . For higher energies ͑above the AlGaAs absorption edge͒, the PV magnitude is not affected by changes in f W since most of the carrier generation takes place at the AlGaAs layers. C. The effective well carrier lifetime, W Figure 4 shows the dependence of the PV on W at two photon energies of 1.8 eV ͑square͒ and 2.1 eV ͑circle͒. A logarithmic dependence of the PV on W is observed for the entire spectral range in the form:
where W0 is a material depended parameter. This relation is similar to the one obtained in Eq. ͑A9͒ with eff ϭ W . Varying the carrier lifetime in the AlGaAs layers over many orders of magnitude results in a very small PV change. Hence, the dominating carrier recombination process is in the well even when carriers are excited at the AlGaAs layers. This is because the recombination rate is affected not only by the carrier lifetime, but also by the product n•p, which changes throughout the intrinsic region. Since the concentration of both electron and holes is much larger at the well than at the AlGaAs barriers, the recombination rate at the well is higher. Furthermore, it should be emphasized that since the recombination rate is position dependent, the PV should also be affected by the location of the well within the intrinsic region. For the symmetrical structures studies here, the recombination is the largest when the well lies in the middle of the i region. Shifting the well position results in a higher PV. If the well is repositioned further away from the surface, its effect on the recombination process will decrease. As a result the barrier lifetime will be more effective.
D. Generation/recombination, G/R, volume
The effect of increase G/R volume is much more difficult to predict since it affects both the recombination and the generation processes. A systematic study of this effect ͑not presented here͒ shows that the changes in the G/R volume result in a small effect on the PV magnitude, especially for photon energies below the AlGaAs absorption edge. Varying the well width between 5 and 14 nm thick increases the PV, at 1.7 eV and 2.1 eV, by as much as 15 and 50 mV, respectively.
After establishing the separate contribution of each of the well parameters to the PV response, the general dependence of the PV on w was evaluated. In order to do that the dependence of each parameter on the well width w was estimated and the values were entered into the numerical simulation. The blueshift in the absorption edge has been directly estimated from the experimental results. E A was considered as the first minimum of the spectrum for each corresponding w. Typical values for W were chosen according to Ref. 10 . The value of f W for the 5-nm-thick well was adjusted to fit its experimental PV response, and for the following calculations its theoretical dependence on w was taken into account. 30, 31 The values of W and f W are accurate to within the accuracy of 5 . ͑This is since the excess carrier concentration depends on the product G•. 9 ͒ The results of these simulations are presented in Table I in the column labeled PV 1 , together with the values of E A , Wi , and f W used in the calculations. The results show that the PV response of single QW p-i-n structures should increase with decreasing well width as shown experimentally for V OC of similar structures.
11 Thus, the changes in f W and E A with decreasing w, which tends to increase the PV, are more dominant than the change of W , which tends to decrease the PV in determining the PV response. This also explains the super-linear change in V OC as a function of the well band gap. 11 In order to check this hypothesis, these results were compared to the dependence of PV on E A according to Eq. ͑1͒. The results are presented in Table I in the column labeled PV 2 . Indeed, PV 1 is equal to or larger than PV 2 in magnitude, indicating that when all the quantum effects are taken into account the PV response is larger than when only the blueshift effect is taken into account.
V. SPS ANALYSIS
Having established the quantum effects on the PV response of QW p-i-n structures, we focus on the analysis of the experimental spectra. Previous studies have shown that fitting the exciton transition yields information on growth parameters ͑e.g., well width, %Al at the barrier͒ and structure parameters ͑e.g., electric field͒. 8 The main objective of this work is to develop a simple method that will make it possible to extract structure properties using SPS measurements and analysis.
Comparing the experimental data in Fig. 1 and the results of the calculations shows that at least one of the samples does not respond as expected by the calculations. The PV of the 14-nm-thick sample is expected to be smaller than that of the 8.4-nm-thick sample, which is evidently not the case. Such behavior may originate in growth quality variations and not in quantum effects. In order to quantify the differences between the experimental and numerical PV, a representative value for the change in the PV response with w has been defined as
where h is the photon energy. The PV of the 5-nm-thick well was chosen as a reference value ͑as mentioned above͒ since it is the largest, and thus its growth quality is assumed to be the highest. ͑Therefore, the parameters of this specific structure, which are growth quality dependent, are expected to be the closest to the expected values͒. Figure 1 shows that ⌬PV W is constant for almost the entire spectral range ͑except for the positions of the excitonic peaks͒. Thus, the analysis can be made using a value of ⌬PV W at a single photon energy ͑as a matter of convenience a photon energy h ϭ2 eV was chosen͒. Indeed, large differences exist between ⌬PV W extracted from the calculations and from the experimental results. ͑For example, experimentally ⌬PV 14 Ͻ⌬PV 8.4 in contrast with the calculations. In addition, ⌬PV 8.4 is experimentally much larger than the calculated value.͒ Two growth quality factors, namely the surface potential V S and W , may influence ⌬PV W . The Kelvin probe method is very sensitive to changes in V S . 15 Since the top layer of all of the measured structure is a p ϩ -GaAs, the change in the SPV is expected to be small because of the high doping concentration. In addition, it should be positive for photon energies higher than the bulk GaAs absorption edge since in a p-type semiconductor the bands bend down toward the surface in the dark. Such behavior is not observed for any of the samples and thus the V S effect on the PV response of the three samples is believed to be small. Therefore, the changes in ⌬PV W should originate in W . ⌬PW W may be then used to evaluate the W of the studied structures. From Eq. ͑3͒,
where Wi and Wc are the initial ͑taken from Table I͒ Table I . Again, it should be noted that the accuracy of these values depends on the accuracy in evaluating 5 . Nonetheless, the ratio between Wc of the different samples should be relatively close to the real ratio. These results indeed show that the nonradiative processes govern the excess carrier recombination. Based on these results it seems that typical values of W lie within the range of several hundreds of picoseconds and are weakly dependent on w. This would make the observed PV dependence on the well width even more pronounced. Yet, fluctuations in growth quality may result in much smaller W , as was observed for one of the samples studied. These fluctuations in W can be monitored by SPS in a contactless nondestructive manner, leading to quality control of the structure in early stages of device preparation. Such measurements may also lead to a rough estimation of V OC of the final device.
VI. CONCLUSIONS
The PV response of single QW p-i-n structures has been experimentally and numerically studied using SPS and self-consistent simulations. The calculations have shown that the increase in the carrier generation rate and band gap due to the decrease in the well width dominate the PV response and result in increasing PV with decreasing well width. The well layer has been shown to govern the recombination processes of charge carriers generated within the entire structure, and therefore the well lifetime is a critical structure parameter. A simple semi-empirical model shows that in general the well lifetime is weakly dependent on well width. However, it could be as much as two orders of magnitude shorter for specific low quality samples. Effective approximated lifetimes of 200, 4, and 100 ps were estimated for specific samples with well widths of 8.4, and 14 nm thick, respectively. These results demonstrate that SPS can be used for quality control of QW structures and devices at initial stages of device formation
APPENDIX: ANALYTICAL MODEL
In this Appendix, a simple model for the dependence of V OC on E A , f W , and W is presented and discussed for the case of QWSCs. In general, the current density of a bulk solar cell can be written as
where J inj is the injection current from the undepleted regions of the structure, J R and J NR are the radiative and nonradiative currents in the depletion region, and J G corresponds to the generation current. Under forward bias conditions, the current is usually dominated by recombination processes in the depletion region. 9 In particular, in III-V compound semiconductors nonradiative recombination is the dominant recombination mechanism. Therefore, J R and J inj may be neglected. J NR can be expressed as J NR ϭJ NR0 ͑ e eV/2k B T Ϫ1 ͒, ͑A2͒
where
n i is the intrinsic carrier density, W is the depletion width, and n / p are the nonradiative lifetimes of electron/holes. Note that since recombination is assumed to dominate the current, an ideality factor of 2 was chosen. If most of the excess carrier generation takes place in the SCR, then at a specific photon energy h above the bulk band-gap energy Eg, the photocurrent J G ͑assuming unity quantum efficiency͒ become
where is the incident photon flux, x p is the width of the p cladding, w p and w n are the depletion width at the p/n claddings, and x i is the width of the intrinsic layer. V OC is obtained by equating the current in Eq. ͑A1͒ to zero. This yields
where N C and N V are the effective density of states at the conduction and valence band, respectively. Since the dominant band gap is the smallest band gap in the structure, we obtain, for a QWSC, 
